The characteristic Hodgkin and Reed-Sternberg cells of classical Hodgkin's lymphoma, although highly positive for proliferation markers, do not accumulate to excessive cell numbers. These cells are characterized by abortive mitotic cycles, leading to multinucleation or cell death in mitosis. We have previously described high expression of G 1 -phase cyclins in classical Hodgkin's lymphoma, which could explain the high percentage of cells staining for proliferation markers. To further our understanding of proliferation control in classical Hodgkin's lymphoma, we extended our immunohistochemical analysis to the main S-phase cyclin, cyclin A, and its regulators p21 CIP1 and p27 KIP1 . Expression of proliferating cell nuclear antigen (PCNA) was used as an additional marker for cells being in either S-or G 2 -phase. In 47% (112/239) of classical Hodgkin's lymphoma cases p21
; tissue microarray
The Hodgkin and Reed-Sternberg cells of classical Hodgkin's lymphoma exhibit a proliferation defect caused by abortive mitotic cycles, the latter characterized by abnormal metaphase to anaphase transitions as well as by cytokinesis defects, which may cause multinucleation, polyploidy or mitotic cell death. 1, 2 This mitotic defect could at least partially explain the discrepancy between the high expression of proliferation-associated antigens, such as Ki-67, in Hodgkin and Reed-Sternberg cells and the concomitant lack of successful tumor-cell production. [2] [3] [4] In addition, Reed-Sternberg cells are polyploid and probably amplify their genome by skipping cytokinesis to repeatedly switch between S-phase and mitosis. 5 We recently demonstrated alterations in the expression of G 1 -phase cyclins in classical Hodgkin's lymphoma, particularly that of cyclin E, 6 the high expression of which led us to conclude that Hodgkin and Reed-Sternberg cells either have a particularly long G 1 -phase or express an abnormally stable cyclin E, which is not degraded in S-phase cells. To distinguish between these possibilities, we investigated genes known to be expressed in nonproliferating cells, such as the cyclin-dependent kinase inhibitors p27 KIP1 and p21 CIP1 , as well as genes typically expressed in proliferating cells, such as cyclin A and proliferating cell nuclear antigen (PCNA).
The cyclin-dependent kinase inhibitors p27 KIP1 and p21 CIP1 act by binding to and inhibiting the cyclin E and cyclin A-activated cyclin-dependent kinase 2, thus controlling entry into S-phase. [7] [8] [9] Both cyclin-dependent kinase inhibitors are controlled at multiple levels and coordinate cellular proliferation by integrating extracellular as well as intracellular cues (reviewed in Sherr and Roberts 10 ). In contrast to p27 KIP1 , which becomes unstable once cells enter S-phase, p21 CIP1 can be induced at any time during the cell division cycle in p53-dependent as well as independent manners, and controls not only the G 1 -to S-phase transition, but also progression through S-phase as well as entry into mitosis. 7, 9, 11, 12 During S-phase, p21
CIP1 is able to associate with the DNA clamp protein PCNA to control the activity of DNA polymerases. 8, 10 Progression through S-and G 2 -phase and entry into mitosis are controlled by cyclin A, which becomes detectable as cells enter S-phase (reviewed in Gillett and Barnes 13 and Sherr 14 ). Cyclin A levels and associated cyclin-dependent kinase 2 activity steadily increase during S-phase until prometaphase, when cyclin A becomes an unstable protein. 15, 16 Cyclin A can, therefore, be regarded as a marker for cells in S-or G 2 -phase of the cell cycle. Similarly, PCNA is extensively used (together with Ki-67) as a marker for cells in S-or G 2 -phase of the cell division cycle.
To investigate the mechanisms that control cell cycle progression during the S-and G 2 -phase and to further characterize cell cycle regulation in Hodgkin and Reed-Sternberg cells, we performed immunohistochemical analyses of p21 CIP1 , p27 KIP1 , cyclin A and PCNA expression on our previously validated tissue microarray encompassing 330 cases of classical Hodgkin's lymphoma. 6, 17 
Materials and methods

Patients
A total of 330 paraffin-embedded classical Hodgkin's lymphoma tissue samples 6 were included in this study, covering all histological subtypes of the World Health Organization classification. 18 They comprised 197 nodular sclerosis, 105 mixed cellularity, 10 diffuse and nodular lymphocyte-rich and five lymphocyte-depleted as well as 13 unclassifiable classical Hodgkin's lymphoma cases. In 107 patients, aged between 12 and 87 years, clinical follow-up data were obtained by reviewing the charts (Table 1) . Treatment was either standard or consistent with the investigational protocols active during the time the patients were diagnosed. Disease remission was defined as absence of disease for at least 1 month after the last treatment regimen ended, as assessed by laboratory and imaging studies and physical examination. Disease relapse was defined as disease progression after at least 1 month of disease remission. Nine patients died due to treatment failures (eight relapses, and one resistant disease), 11 due to histologically documented second malignancies without evidence of persistent Hodgkin's lymphoma and seven due to cardiovascular emergencies. Within the median follow-up period of 145 months, cumulative disease-specific survival was 92%, whereas overall survival was 75%.
Construction of Tissue Microarrays and Morphological Analysis
The construction of tissue microarray was performed as described previously. 6, 17 Sections of the tissue microarray blocks, 4 mm thick, were transferred to an adhesive-coated glass slide system (Instrumedics Inc., Hackensack, NJ, USA) and stained with hematoxylin and eosin, Giemsa and with the periodic acid Schiff reaction. Only cases containing at least two morphologically unequivocal Hodgkin and Reed-Sternberg cells were analyzed.
Immunohistochemistry
Bound secondary antibodies were visualized by standard avidin-biotin-peroxidase technique using diaminobenzidine as chromogene. Commercially available primary antibodies against p21 CIP1 (DAKO, dilution 1:40), p27 KIP1 (DAKO, dilution 1:100), PCNA (DAKO, dilution 1:300) and cyclin A (Neomarkers, dilution 1:500) were applied. Nuclear staining 
Results
Histopathology
Of 330 classical Hodgkin's lymphoma cases included in the tissue microarrays, 260 (79%) were representative by hematoxylin and eosin morphology. The analysis failure of 70 cases (21%) was linked to problems associated with the array technology, as discussed recently. 6, 17 The evaluable cases consisted of 152 nodular sclerosis, 84 mixed cellularity, nine lymphocyte-rich, five lymphocytedepleted and 10 unclassifiable classical Hodgkin's lymphomas comprising a total mean number of 10243 Hodgkin and Reed-Sternberg cells per slide. Five cases of nodular sclerosis classical Hodgkin's lymphoma were inadequately fixed and, therefore, immunohistochemical examinations could be performed on 147 nodular sclerosis cases. Cores containing 'no tissue' varied from slide to slide. Thus, the evaluation of cases containing diagnostic Hodgkin and Reed-Sternberg cells changed accordingly compared to previous studies with these tissue microarrays. 6, 17 Immunohistochemical Analysis
In 47% (112/239) of classical Hodgkin's lymphoma samples, the mean frequency of p21 CIP1 expression in Hodgkin and Reed-Sternberg cells per positive case was 15% (95% confidence interval 14-19%, standard deviation 722%). Some of the tumor samples stained highly positive for p21 CIP1 , giving rise to a wide variability of p21 CIP1 expression in Hodgkin and Reed-Sternberg cells ( Figure 1 , Table 2 ). The staining intensity was moderate to strong and diffusely distributed throughout the nucleus (Figure 2a) . Among the reactive lymphocytes surrounding Hodgkin and Reed-Sternberg cells, very few expressed p21 CIP1 . Of the classical Hodgkin's lymphoma cases, 47% (116/249) expressed p27 KIP1 in 12% (mean frequency) of Hodgkin and Reed-Sternberg cells (95% confidence interval 10-16%, standard deviation 723%) ( Figure 1 , Table 2 ). The staining intensity was weak to moderate and diffusely distributed throughout the nucleus (Figure 2b ). The background reactive small lymphocytes expressed p27 KIP1 with a moderate to strong staining intensity in over 80% of the cell nuclei.
Of the classical Hodgkin's lymphomas, 99% (250/ 253) expressed cyclin A in the vast majority of Hodgkin and Reed-Sternberg cells (mean frequency 98%, 95% confidence interval 97-99%, standard deviation 714%) ( Figure 1 , Table 2 ). Only in three tumor samples, Hodgkin and Reed-Sternberg cells were found to be negative for cyclin A. The staining intensity was strong and diffusely distributed throughout the nucleus (Figure 2c ). Some surrounding lymphocytes stained positively with the anticyclin A antibody. CIP1 median expression 5%, mean 15%, upper quartile 25%, lower quartile 0%, range 0-100%; p27 KIP1 median expression 0%, mean 12%, upper quartile 15%, lower quartile 0%, range 0-100%; PCNA median expression 95%, mean 90%, upper quartile 100%, lower quartile 85%, range 0-100%; cyclin A median expression 100%, mean expression 98%, upper quartile 100%, lower quartile 100%.
Aberrant cell cycle regulation in
All 246 evaluable classical Hodgkin's lymphomas expressed PCNA in a mean proportion of 90% of Hodgkin and Reed-Sternberg cells (95% confidence interval 87-91%, standard deviation 716%) ( Figure 1 , Table 2 ). PCNA staining was more variable than the staining for cyclin A. Only few surrounding lymphocytes were found to be positive for PCNA (Figure 2d) .
The observed staining patterns in the reactive surrounding lymphocytes gave the expected staining Aberrant cell cycle regulation in Hodgkin's lymphoma A Tzankov et al patterns and frequencies, indicating that the antibodies and staining conditions employed in this study were appropriate for detection of these proteins.
Statistical Analysis
Statistical analysis (Table 3 ) revealed significant correlations between the expression of p21 CIP1 and p27 KIP1 (Po0.001) with 34% (80/235) of classical Hodgkin's lymphoma cases expressing both cyclindependent kinase inhibitors. Since the analysis of the expression of cyclin-dependent kinase inhibitors was performed on consecutive 4 mm sections, making analysis of coexpression in single cells difficult, we statistically calculated that approximately 500 of the analyzed 10 000 Hodgkin and Reed-Sternberg cells per slide (5%) expressed both inhibitors. The expression of these proteins and their frequency suggests that these tumor cells are in G 1 -phase. PCNA expression, on the other hand, correlated with expression of cyclin A, with 99% (244/246) of classical Hodgkin's lymphoma cases being positive for both (P ¼ 0.005). Approximately 9000 of the average 10 000 Hodgkin and ReedSternberg cells present on every tissue microarray slide expressed cyclin A and PCNA, suggesting that more than 85% of these cells were in either S-or G 2 -phase. As expected from our previous analysis, 6 expression of PCNA also correlated with expression of cyclin D3 (P ¼ 0.002) and cyclin E (Po0.0001), suggesting that a significant fraction of S-phase Hodgkin and Reed-Sternberg cells are positive for cyclin E.
Univariate analysis revealed a significantly higher frequency of treatment failures in patients with stage III and IV disease (16/36, 44%) compared to those with stages I and II (12/64, 19%, P ¼ 0.006). The presence of B-symptoms correlated with clinical stage (P ¼ 0.017). Patient age correlated with the different causes of death, that is, those younger than 45 years were more likely to succumb to lymphoma, whereas patients older than 45 years died of secondary malignancies or cardiovascular events (Po0.0001).
Expression of the analyzed cell cycle regulatory proteins did not reach statistical significance for prognosis in classical Hodgkin's lymphoma, although only three of 54 patients expressing p21 CIP1 (6%) died of lymphoma, compared to six of 38 p21 CIP1 -negative patients (16%, P ¼ 0.075). Disease stage (P ¼ 0.004) was of independent prognostic significance concerning failure-free survival in the multivariate analysis.
Discussion
Unlike most other malignant tumors, classical Hodgkin's lymphoma is not characterized by high numbers of proliferating tumor cells. In contrast, Hodgkin and Reed-Sternberg cells are sparse and surrounded by many activated non-neoplastic lymphocytes. Reed-Sternberg cells are multinucleated, while Hodgkin cells are often near triploid (reviewed in Chan 19 ), which grow slowly in vitro (personal observations on HDLM-2 cell cultures). The slow growth phenotype of Hodgkin and ReedSternberg cells is accompanied by frequent mitotic defects as well as a high incidence of apoptosis. 20 This suggests that Hodgkin and Reed-Sternberg cells might be actively proliferating cells that fail to accumulate due to an intrinsic failure to divide properly. Several proteins that regulate the mitotic cycle, such as cyclin D1, D3, E, B1, cyclin-dependent kinases 1, 2 and 6, S-phase kinase associated protein-2, p16
INK4A , p18 INK4c , p21 CIP1 , p27 KIP1 , p53, the retinoblastoma protein and PCNA have been found to be deregulated in classical Hodgkin's lymphoma. [1] [2] [3] [4] 6, [20] [21] [22] [23] [24] [25] [26] In the present study, we used a previously validated classical Hodgkin's lymphoma tissue microarray with a cohort of clinically well-documented cases 6, 17, 27 to analyze the expression of the cyclin-dependent kinase inhibitors of the Cip/Kipfamily, p21
CIP1 and p27 KIP1 , as well as two proliferation markers, PCNA and cyclin A. Since Hodgkin and Reed-Sternberg cells are embedded within reactive normal lymphocytes, we used those lymphocytes as internal controls for our staining Aberrant cell cycle regulation in Hodgkin's lymphoma A Tzankov et al conditions. As expected, most of these lymphocytes stained strongly for p27 KIP1 , while only a few stained for PCNA or cyclin A, suggesting that they are in the G 1 -phase of the cell cycle. p21 CIP1 was hardly detectable in these lymphocytes. In Hodgkin and Reed-Sternberg cells, however, we found significant divergences from the expected expression frequency of cyclin-dependent kinase inhibitors, PCNA and cyclin A.
In normal, as well as transformed, human cells, cyclin A becomes detectable at the onset of the S-phase, accumulates throughout S-and G 2 -phase, and then rapidly declines in early mitosis (reviewed in Gillett and Barnes, 13 den Elzen and Pines 15 and Geley et al 16 ) . Cyclin A can, therefore, be regarded as a marker of proliferation, since only cells in S-and G 2 -phase or early mitosis stain positively with anticyclin A antibodies, while cells in G 1 -phase remain negative. We found cyclin A expression in 98% of the Hodgkin and Reed-Sternberg cells in nearly all (99%) analyzed classical Hodgkin's lymphoma cases, suggesting that most of the tumor cells are in either S-or G 2 -phase of the cell cycle. This hypothesis was corroborated by PCNA staining experiments using our classical Hodgkin's lymphoma tissue microarray, which showed that 90% of Hodgkin and Reed-Sternberg cells were positive. Because PCNA is mainly expressed in S-phase cells, we conclude that the majority of Hodgkin and ReedSternberg cells are either in S-or G 2 -phase of the cell division cycle. Our data confirm previously published data [2] [3] [4] 22, 24 reporting high expression of PCNA and Ki-67 in classical Hodgkin's lymphoma.
The cyclin-dependent kinase inhibitors p27 KIP1 and p21 CIP1 were rarely expressed in Hodgkin and Reed-Sternberg cells, and such expression correlated well with each other as well as with the expression of G 1 -cyclins, suggesting that these few cells were in G 1 -phase. In contrast to our data, Garcia et al 22 KIP1 is in agreement with reports by other authors. 3, 23, 24 Our data suggest that about 80-90% of Hodgkin and Reed-Sternberg cells are in S-or G 2 -phase, while only about 10-20% are in G 1 -phase. Surprisingly, however, we could only count 57 mitoses in 10 243 cells analyzed. This low mitotic index (0.5%) suggests that Hodgkin and Reed-Sternberg cells either do not enter mitosis or rapidly die in mitosis. Concerning the overexpressed G 1 -cyclins, including cyclin E, in Hodgkin's lymphoma , our present data suggest that their accumulation may be caused by reduced proteolysis, rather than being a reflection of typical cell cycle-dependent expression levels.
Hodgkin and Reed-Sternberg cells have large nuclei indicative of higher DNA content and, in our study, 20% exhibited a multinuclear ReedSternberg phenotype. In contrast to micronuclei, which are not observed in Hodgkin and ReedSternberg cells, and which are caused by chromosome malsegregation during mitosis, multinucleation is caused by cytokinesis defects or cell fusion. Kuppers et al 28 have investigated the mechanism leading to multinucleation in Hodgkin and ReedSternberg cells and reported that it is not caused by cellular fusion. The large nuclei present in Hodgkin and Reed-Sternberg cells may, therefore, be caused by cytokinesis defects or by DNA over-replication. Whether the former or the latter underlies the aberrant morphology and biology of Hodgkin and Reed-Sternberg cells is an important unresolved issue. Expression of cyclin E is required for endoreduplication in trophoblasts 29 as well as in megakaryocytes 30 and overexpression of cyclin E has been correlated with polyploidy and chromosome instability in human tumors (Hubalek et al 31 and references therein). Whether and how overexpression of cyclin A might contribute to the cell cycle abnormalities observed in Hodgkin and ReedSternberg cells is not clear at the moment. Overexpression of cyclin A has been shown to impede progression through mitosis and might facilitate apoptosis. 32 The expression of cell cycle regulatory proteins in malignant tumors is often analyzed to obtain prognostic information. High expression of proliferation markers, including Ki-67, PCNA, cyclin A and others, often have been associated with poor prognosis due to the high proliferation rate of the tumors. In classical Hodgkin's lymphoma, however, we found no association between cell cycle markers and clinical outcome. Again, this reflects the atypical nature of this disease, the pathology of which is not caused by rapid accumulation of malignant cells, but rather by the accumulation of reactive lymphocytes and perturbation of the cellular and humoral immunity (reviewed in Skinnider and mak 33 ). We found a weak correlation between p21 CIP1 expression and disease-specific survival, which may be caused by induction of p53-dependent apoptotic pathways in a subset of classical Hodgkin's lymphomas. 21, 34 In summary, our study has shown that the majority of reactive lymphocytes surrounding the tumor cells of classical Hodgkin's lymphoma are in G 1 -phase, while the majority of Hodgkin and ReedSternberg cells appear to be either in S-or G 2 -phase of the cell cycle. These data argue that selfreplication of Hodgkin and Reed-Sternberg cells is futile with cells unable to divide properly. Rather, these cells acquire polyploidy due to possible defects in cytokinesis or activation of endomitotic cycles causing over-replication of DNA. Further in vitro studies using classical Hodgkin's lymphoma derived cell lines will distinguish between these possibilities.
